Introduction
Polar stratospheric clouds (PSCs) play an important role in the chemistry of polar atmospheres impacting ozone, water, and nitric acid. It is commonly accepted that ozone depletion processes occur through heterogeneous reactions within and at the surface of particles, converting relatively inactive halogen compounds to species which react with ozone during the polar spring. Sedimentation of cloud particles during the polar winter leads to a dehydration and denitrification of the polar lower stratosphere. Moreover, the removal of nitric acid from the stratosphere leads to a slower reconversion of active chlorine into inactive reservoir species prolonging the ozone-destroying catalytic cycle.
Although PSCs have been characterized extensively through laboratory studies, observations, and model-driven analyses, several key questions have still to be answered concerning their composition and formation. In particular, the formation of nitric acid trihydrate (NAT) PSCs and their role in stratospheric denitrification is not completely understood. This lack of knowledge limits the predictability of PSC formation in a changing climate and hence their influence on polar ozone abundance [Pitts et al., 2009; Hoyle et al., 2013; Grooß et al., 2014; Wegner et al., 2012; Khosrawi et al., 2011] .
PSCs can be divided into several classes, based on their formation temperature and optical properties, as determined for instance by lidar remote sensing measurements. Historically, PSCs have been classified in two types (I and II) according to their formation at temperatures above or below the ice frost temperature T ice . Type I has been further subdivided depending on properties observed by lidar: Ia, with low total backscatter ratio and high aerosol depolarization indicating nonspherical solid particles and identified as nitric acid trihydrate (NAT) particles [Voigt et al., 2000] , and Ib, with high total backscatter ratio and low aerosol depolarization, suggesting spherical (presumably liquid) particles, identified as supercooled ternary solutions (STSs) of water, sulphuric, and nitric acid [Tabazadeh et al., 1994; Carslaw et al., 1994; Beyerle et al., 1997; Schreiner et al., 1999] .
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While the nucleation of NAT at temperatures below T ice has been extensively reported and properly modeled [Koop et al., 1995; Peter and Grooß, 2012] , the exact NAT formation at temperatures above T ice is still under debate and may be due to different processes. For the formation of NAT particles basically three mechanisms have been proposed; vapor deposition on ice particles, heterogeneous nucleation on special nuclei either residing in the gas phase or from solutions , or the homogeneous nucleation out of STS solutions [Lowe and MacKenzie, 2008] . The observation of NAT during Arctic winter, when the temperatures are generally above T ice , suggests that NAT may form without going through ice formation and their formation occurs typically 2-3 K below the T NAT temperature [Fierli et al., 2001] , which depends on the HNO 3 and H 2 O concentrations [Hanson and Mauersberger, 1988] . Liquid STS droplets do not form below a definite threshold temperature but rather grow by a continuous uptake of nitric acid by sulphuric acid aerosols, which becomes massive below 195 K [Carslaw et al., 1995] . With decreasing temperature the HNO 3 content of the STS particles increases, while the H 2 SO 4 content decreases.
Lidar observations show that PSCs may also have moderate to high total backscatter ratio and aerosol depolarization, with values lying between NAT and STS. This may be indicative of different possible compositions, which cannot be resolved by the measurements : an external mixture of NAT and STS particles, a transition type PSC with a varying chemical composition, or a compound of layers of ice and NAT [Tsias et al., 1999; Toon et al., 2000; Reichardt et al., 2000; Wang and Michelangeli, 2006; Lowe et al., 2006; Achtert and Tesche, 2014] . Among the proposed formation mechanisms for ice the most popular are homogeneous nucleation, from STS at temperatures 3 to 4 K below the ice frost point T ice ≈185 K [Koop et al., 1995; Engel et al., 2013] , (which requires supercooling), and heterogeneous nucleation out of STS droplets containing insoluble particles. An alternative, heterogeneous nucleation by nucleation on sulphuric acid tetrahydrate (SAT) might be relevant for the polar stratosphere at temperatures close to the ice frost point.
Different PSC particles play distinctive roles in the heterogeneous processes which convert chemically stable chlorine species into photochemically active forms, or in the capture of gas phase nitric acid, and its permanent removal from the stratosphere through sedimentation. As a matter of fact the sedimentation velocity depends strongly on the size of the particle. The smaller STS particles (0.01-0.4 μm) have sedimentation velocities of a few meters per day, while large ice particles (with a size of several microns) have velocities up to 1 km per day. Large NAT particles, the so-called NAT rocks [Fahey et al., 2001] having dimensions up to 20 μm, are even more efficient in the denitrification process. In early studies, it was suggested that the sedimentation of large ice particles was the main cause for the denitrification and dehydration of the stratosphere, but when it was discovered that the onset of the Antarctic denitrification anticipated the dehydration process, it became clear that large NAT particles might play an important role in the stratospheric denitrification above the frost point [World Meteorogical Organization, 2003] . This denitrification pathway is particularly important in the Arctic, where ice PSCs are less frequent with respect to the Antarctic, due to higher temperatures in the vortex [Khosrawi et al., 2011] . The role of low concentrations of large NAT particles has been demonstrated by observations from aircraft [Waibel et al., 1999; Dörnbrack et al., 2012] and by model calculations .
The existence of PSCs is dictated by temperature and gas phase mixing ratios and sometimes by tropospheric blocking situations [Kohma and Sato, 2013; Achtert et al., 2012] . Different kinds of particles exist in a relatively limited temperature range [e.g., Tabazadeh et al., 1995; Larsen et al., 1997; Toon et al., 2000] since above a threshold close to T NAT PSCs evaporate. Their formation can follow different pathways depending on the temperature history that may be dominated by large-scale synoptic variability and/or mesoscale fluctuations. For instance, mountain waves, which lead to a fast cooling of the air masses, have been shown to promote particle nucleation [Fueglistaler et al., 2003] . PSCs formed in mountain waves are often observed in the Arctic and play a key role in ice cloud formation since T ice is rarely approached at the synoptic scale [Dörnbrack and Leutbecher, 2001] . Temperature fluctuations may also play a role in the Antarctic stratosphere. This may occur through inertia-gravity waves [Shibata et al., 2003] or gravity waves generated by the Transantarctic chain on the Antarctic peninsula, with an observed impact on ice cloud observations [Noel and Pitts, 2012; Alexander et al., 2011] .
PSCs have been observed by ground-based lidar in the Antarctic stratosphere since 1990, from South Pole [Campbell et al., 2009; Fua et al., 1992] , Dumont D'Urville (66.7
• S, 140.0 • E) [David et al., 1998; Stefanutti et al., 1991] , and McMurdo (77.9
• S, 166.7
• E) [Adriani et al., 2004; Maturilli et al., 2005] [Pitts et al., 2009 [Pitts et al., , 2007 Noel et al., 2008] Adriani et al. [2004] have discussed the PSC observations from 1993 to 2001 in terms of the seasonal and interannual variability of the frequency of occurrence. PSCs show a maximum occurrence in July at 20-24 km, and the altitude of the maximum frequency of observation exhibits a downward displacement from 24 to 14 km from July to September. The division in two subgroups, large-scale variation (LSV) and small-scale variation (SSV) clouds, is based on a different vertical structure and proved to be robust. LSV clouds could often be associated with synoptic temperature scales, and SSV clouds were frequently observed in correlation with mesoscale perturbations. Moreover, LSV clouds are mainly composed by NAT, mixed liquid/solid, and probably NAT rocks [Fueglistaler et al., 2002] whenever their origin can be reconducted to processes occurring commonly over large areas, while SSV clouds are principally dominated by NAT enhanced, by NAT, and to a lesser extent by liquid and ice clouds that are found to be almost absent in the LSV PSCs.
Here we extend the statistical analysis previously performed on data from 1993 to 2003 [Adriani et al., 2004; Maturilli et al., 2005] , with the McMurdo measurements for the period 2006-2010. We adopt the classification as used by Pitts et al. [2007 Pitts et al. [ , 2009 A new lidar system has been operative since 2005 and has provided a quasi-continuous time coverage of stratospheric particle characterization from early June to late September and is described in section 2. Section 3 presents the statistical analysis for the new database (according to the optical classification from Pitts et al. [2009] and their spatial morphology [Adriani et al., 2004] ) in order to identify the presence of different cloud types and to discriminate between thick (LSV) and thin (SSV) PSC layers.
Description of the Lidar and Database
A Rayleigh lidar observatory has been operative in the Antarctic station of McMurdo since 1991 in the framework of a USA-Italy collaboration and the Network for Detection of Atmospheric Climate Changes (NDACC) [Adriani et al., 1995 [Adriani et al., , 2004 . In 2004, the lidar system was completely redesigned. A description of the new system is given below, and the main parameters of the system have been summarized in Table 1 . The lidar at McMurdo is composed of a pulsed laser, a telescope receiver, an optical detection module, and a data acquisition system. The laser is a commercial Nd:YAg laser (Quantel CFR400), which emits laser pulses with a duration of about 8 ns, with a repetition rate of 10 Hz, and an energy of about 190 mJ at 532 nm and 100 mJ at 1064 nm. The laser radiation is directed through a beam expander, in order to enlarge the beam diameter from 6 mm to about 24 mm and to reduce the divergence from 1.5 mrad to about 0.4 mrad. The receiver is a commercial Celestron Schmidt Cassegrain telescope with a diameter of 14 inch (35.6 cm), a focal length of 3.9 m resulting in an F-number of 11. The laser has been mounted on the telescope housing and can be replaced, when service and/or maintenance has to be performed, without losing the alignment. by using micrometric positioning screws. In order to avoid the saturation of the optical detectors by the intense backscattered light from the lower altitudes, a mechanical chopper has been mounted between the receiver and the optical detection module. The chopper consists of a light weight slotted disk, which rotates at a frequency of about 400 Hz. The slots in the disk permit the passage of the return signal and provide an electronic pulse which is used to trigger the laser, in such a way that the initial part of the optical signal is blocked (corresponding typically to the first 9 km of the atmosphere) and the rest is fully transmitted. After passing through the chopper the optical signal is collimated and directed into the optical detection module, which consists of a series of filters, dichroic beam splitters, polarizing beam splitters, lenses, and detectors (see Figure 1 ).
The dichroic beam splitters divide the optical beam in three parts, corresponding with the elastic scattered light at 532 and 1064 nm and the Raman scattered signal at 608 nm. The three parts are directed through narrowband dielectric inference filters with a width of 0.12, 0.13, and 0.82 nm centered at the wavelengths of 532.04, 607.35, and 1064.03 nm, respectively. All filters have been stabilized at a nominal temperature of 23
• C, according to their transmission curves, provided by the manufacturer (LOT-ORIEL). A pair of polarizing beam cubes has been used to separate the signal at 532 nm in two components, one with a polarization parallel to that of the laser beam and the other one perpendicular. Eventually, a small portion (about 1%) of the parallel polarized beam has been used to create a so-called low-altitude channel, avoiding the saturation of the detector in case of very strong signals from low altitudes. In this way, the optical detection system provides us with five channels, the 532 nm parallel high channel, the 532 nm parallel low channel, the 532 nm perpendicular channel, the 1064 nm channel, and the 608 nm Raman channel. All visible light is detected with miniaturized photomultipliers (Hamamatsu models H6780-20 and H5783P); the 1064 nm signal is detected with an avalanche photodiode (APD, EG&G, Perkin-Elmer model SPCM-AQR-14), which produces TTL pulses (5 V amplitude). Eventually, a second smaller telescope has been added in order to observe the presence of clouds below the cutoff threshold of the chopper (about 9 km). This "tropospheric" channel consists of a commercial objective (Nikon, 50 mm F-number 1.8), equipped with a 100 μm diameter pinhole, a narrowband filter, and a miniaturized photomultiplier. The data acquisition system consists of three data acquisition photon counting boards. Each card is equipped with two inputs, preamplifiers and voltage discrimination/threshold circuits, in order store the time-dependent signal in 2048 memory bins, with a programmable dwell time between 100 ns and 1 ms and is connected through USB with a personal computer. Profiles are stored as averages of 3000 shots, with a vertical resolution of 30 m in order to perform measurements also in the middle and upper stratosphere and are successively reduced to a resolution of 150 m by applying a running square window average and averaged over 30 min. Total backscatter ratio vertical profiles have been retrieved with the Klett algorithm.
The total backscatter ratio (R T ) was calculated by using the formula
where par is the particle backscatter coefficient and mol the molecular backscatter coefficient. The calculation has been performed, while taking into account the different efficiency of the two detection channels. The calibration of the depolarization followed the method described in Snels et al. [2009] . The lidar ratio used in the retrieval of the total backscatter ratio, used in this work as well as in Adriani et al. [2004] , has DI LIBERTO ET AL.
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been calculated by using the empirical model proposed by Gobbi [1995] , according to which the extinction is expressed as
where a 0 , a 1 , and a 2 are constants and par is the particle backscatter coefficient.
In our retrieval, two different sets of coefficients have been used, namely, one for STS/Stratospheric sulphuric aerosol (corresponding to run 99 in the simulation of Gobbi [1995] ) and one for the NAT ice clouds (corresponding to run 86 in Gobbi [1995] ). This procedure produces a lidar ratio ranging from 20 to 60 sr −1 depending on PSC type and optical density for the values of obtained in our measurements. The error in the backscattering coefficient at a given altitude z, due to an incorrect estimation of the lidar ratio, results only from uncertainties in optical thickness between the calibration altitude (usually above 30 km) and z. In our case, the impact on the estimated PSC total backscattering ratio is small because of the generally small optical depth of the PSCs. We have performed the retrieval of the lidar signal for several observations, with total backscatter ratios up to 100, by using lidar ratios of 20 and 60 and calculated the total backscatter ratio in both cases. These two extreme values of the lidar ratio produces total backscatter ratios which are identical within 5-6% in the worst cases. This shows that the choice of lidar ratio has little influence on the retrieved total backscatter ratio and hence on the classification. It mainly affects the classification of the PSCs with low total backscatter ratio. The lidar ratios calculated by Gobbi [1995] neglect the nonsphericity of the scattering particles, which introduces an error, which in case of small particles (with an effective size parameter smaller than 10, i.e., a particle radius which is roughly below 1 μm), may vary from 15 to 50% [Mishchenko, 2001; Barnaba and Gobbi, 2001] . However, this error in the lidar ratio will have a small effect on the retrieved total backscatter ratio, as has been argued above.
The uncertainty in the derived optical parameters has been estimated following the procedure reported by Russell et al. [1979] and is 0.1 (in absolute value) or 10% of the measured value (the larger of the two) for (R T − 1), where R T is the total backscatter ratio. The error in determining the aerosol polarization depends on the errors in volume depolarization and total backscatter ratio and also on the value of the total backscatter ratio. For low total backscatter ratio (less than 1.25) the error in the aerosol depolarization might be as much as 50%, while for larger total backscatter ratios the statistical error in the aerosol depolarization can be estimated to be about 10%, while a systematic error of about 1% should be taken into account for low values of the aerosol depolarization.
The McMurdo lidar has been operated during the Antarctic winter, typically from the end of May to the end of September, covering the full period of PSC occurrence, by science technicians of the National Science Foundation (NSF). As a routine, the lidar has been operated at the same time every day, when meteorological conditions were favorable for about 30 min. When possible, the observations have been synchronized with overpasses of the CALIPSO satellite producing a footprint within a distance of 150 km from the lidar in order to allow comparison with the measurements by the CALIOP lidar. Observations have also been performed intensively in coincidence with optical particle counter (OPC) balloon campaigns and ozonesonde measurements.
The number of PSC observations, reported in Table 2 , ranges from 66% to 100% of the total number of observations in each month. Frequencies are lower in June, while they range between 85% and 100% in July, August, and September. No clear interannual variability can be inferred, due to the limited number of years. This clearly suggests that PSCs are nearly ubiquitous above McMurdo during all winters. Potential vorticity reanalysis shows that the McMurdo site is well within the stratospheric polar vortex from mid-June to the end of September except for rare events of major vortex perturbation. Nevertheless, we have to be aware of a possible bias on the PSC observation statistics, since the lidar is not operated in overcast conditions, while the temporal coverage is generally denser during intensive balloon campaigns in McMurdo [Mercer et al., 2007] (mid-August to September). For this reason, rather than estimating an absolute frequency of DI LIBERTO ET AL.
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PSC occurrence, we preferred to include in the following analysis only profiles when a PSC was apparent at some level. Thus, profiles are only included when there was an observed PSC. Finally, only measurements at 532 nm have been used in our analysis since they are quality checked and publicly available in the NDACC database (see http://www.ndsc.ncep.noaa.gov/data/).
PSC Classification and Statistical Analysis
One of the most important arguments for doing ground-based measurements is that the long-time series permits to study changes on a time scale of decades. Therefore, the comparison of the 1995-2001 and 2006-2010 data sets is essential and should be free of biases. We have excluded the 1993-1994 period, which showed a large quantity of background aerosols due to the Pinatubo eruption. Both data sets have been obtained by using the same retrieval routines and have been deposited with the NDACC archive (see http://www.ndsc.ncep.noaa.gov/data/). The following analysis is based on the data deposited with the NDACC archive and uses the same programs for data filtering and analysis. First of all, the vertical resolution of the data was reduced to 150 m; the data filtering was done by applying the following criteria. Only data between 12 and 28 km have been taken into account, in order to eliminate the cirrus cloud observations below 12 km. Very few data are available above 28 km, and usually, these have a bad signal-to-noise ratio. Only data with a temperature between T NAT − 15 K and T NAT + 10 K have been included in order to exclude data due to cirrus clouds or back ground aerosol. All data with a total backscatter ratio below 1.1 were also excluded, as these are mostly background aerosol. For all data, T NAT has been calculated from HNO 3 and H 2 O concentrations taken from the Global Ozone Chemistry and Related trace gas Data Records for the Stratosphere data base (see http://disc.sci.gsfc.nasa.gov/datareleases/measures-gozcards-data-now-available). In this way a full set of data was obtained for the periods 1995-2001 and 2006-2010, including the values of total backscatter ratio, volume depolarization, aerosol depolarization, temperature (obtained by merging radiosonde data and NCEP data), and T NAT in 150 m altitude intervals.
Usually, PSCs have been classified according to the optical parameters observed, such as total backscatter ratio and aerosol polarization. Here we adopt the classification proposed by Pitts et al. [2007 Pitts et al. [ , 2009 Pitts et al. [ , 2011 , developed for space-borne lidar observations, which is supported by theoretical calculations of the optical parameters for different PSC classes and mixtures, as PSCs have been often observed as external mixtures of the main particle classes. Since the PSCs observed by ground-based and space-borne lidar have the same optical properties, it is evident that the same classification scheme can be used for both. Of course, if one of the two methods (ground based or space borne) has an instrumental bias on the optical parameters, one might question this approach. But the same is true for lidar measurements made by different ground-based lidars as has been pointed out by Achtert and Tesche [Achtert and Tesche, 2014] , who reviewed a number of classification schemes for lidar measurements performed at Esrange. Pitts and coworkers [Pitts et al., 2009] initially defined four composition classes, Mix1, Mix2, ice, and STS, and introduced another class, the Mix2-enhanced, in a later work . The two mixed classes Mix1 and Mix2 were defined as mixtures of STS and NAT clouds, where Mix1 has very low NAT number densities (3 ⋅ 10 −4 cm −3 to 10 −3 cm −3 ) and Mix2 NAT number densities larger than 10 −3 cm −3 . The Mix2-enhanced class is formed by STS-NAT mixtures which are dominated by NAT particles, having number densities of more than 0.1 cm −3 and volumes larger than 0.5 μm 3 cm −3 . This corresponds roughly with a total backscatter ratio of more than 2 and an aerosol depolarization larger than 10%. By adopting the same classification as used to analyze the lidar data produced by CALIOP, the satellite-borne lidar, comparison between ground-based and satellite-based lidar data, is much facilitated. We must take into account, however, some fundamental differences between the two data sets. Ground-based lidar observations are bothered by the meteorological conditions of the lower atmosphere. Low clouds attenuate the laser radiation, rendering measurements rather noisy, or in the worst case impossible, at higher altitudes. Satellite-based instruments generally have a smaller signal-to-noise ratio, which can be improved by applying horizontal averaging.
Thus, each 150 m observation has been classified according to the scheme proposed by Pitts et al. [2011] as STS, Mix1, Mix2, Mix2-enhanced, and ice. In this way there are no observations belonging to more than one PSC class. [Greenblatt et al., 2002] ). Compared to previous winters, 2009 had a generally warmer stratosphere from mid-July to September. A similar behavior is observed in winter 2010, with a marked warming in the middle stratosphere in midwinter. This minor stratospheric warming has been reported in de Laat and van Weele [2011] .
Both 2009 and 2010 are quite anomalous years. Very few PSCs appear in Figure 2 for 2009, particularly from the second half of July to the end of August, although the lidar was active throughout the winter and many measurements have been recorded in this period. The explanation is that often thick cirrus clouds were present, attenuating the laser beam, which hampered the registration of a good signal on the depolarized channel. This means that the presence of PSCs is evident on the polarized channel, but these PSCs could not be classified properly due to the poorness of the depolarized channel. In 2010 Mix2 is the dominating species, instead of Mix1 which is prevalently present during the other years. PSCs have been observed above 25 km, while the vast majority of PSC observations (around 95%) occurs below that altitude. A pronounced change in vertical distribution occurs by the latter half of August: a progressive narrowing and descent of the region of occurrence. The same behavior has also been observed in Adriani et al. [2004] for the period 1995-2001.
Apart from this classification based on optical parameters, a further classification has been introduced, as proposed in David et al. [1998] and Adriani et al. [2004] , to distinguish between geometrically thin (less than 2 km) and thick clouds. These different classes can be separated in lidar data by using wavelet [David et al., 2005] or similar spatial filtering techniques [Adriani et al., 2004] .
Such an approach has been suggested [David et al., 2005] by the hypothesis that the thickness of the clouds is correlated with distinct formation processes acting on different spatial and temporal scales. For instance, the formation of thin clouds might be due to mesoscale temperature perturbations induced by the propagation of gravity waves into the winter stratosphere, whereas the formation of thicker clouds might be rather due to synoptic-scale cooling as confirmed by Adriani et al. [2004] and David et al. [2005] .
We have used the same procedure as described in Adriani et al. [2004] by fitting the slowly varying component of the total backscatter ratio profiles with a cubic spline interpolation between minima in 1500 m intervals and by using this interpolated profile, increased by 20% as a discriminant for SSV (small-scale variation) and LSV (large-scale variation) clouds. Keeping that in mind, in the following, we will refer to the SSV PSCs as "thin PSCs" and to the LSV PSCs as "thick PSCs. "
The classification scheme proposed by Pitts et al. [2007 Pitts et al. [ , 2009 Pitts et al. [ , 2011 combined with the LSV/SSV classification is illustrated in Figure 4 . All observations with a total backscatter ratio greater than 1.25 and an aerosol depolarization less than 3% are attributed to STS, while ice PSCs are defined as having total backscatter ratio greater than 5 and aerosol depolarization greater than 3%. The remaining observations, with a total backscatter ratio less than 5 and an aerosol depolarization larger than 3% are considered as mixtures of STS and NAT. Three classes of mixed STS-NAT clouds, Mix1, Mix2, and Mix2-enhanced have been defined according to Pitts et al. [2007 Pitts et al. [ , 2009 Pitts et al. [ , 2011 , depending on different NAT number densities as described above. The data points have been accumulated in aerosol depolarization versus (1 − 1/R T ) bins of, respectively, 1% and 0.01, where R T is the total backscatter ratio. The color scale indicates the number of data per bin divided by the total number of data points.
The majority of the thick PSCs occur in the Mix1 and Mix2 classes, while the Mix2-enhanced and ice PSCs are almost absent. Conversely, the Mix2-enhanced and ice PSCs are present in the thin PSCs, while STS clouds occur both in thin and thick PSCs. These observations support the hypothesis that large densities of Mix2-enhanced and ice PSCs are preferentially formed in mesoscale processes, while a mixture of NAT and STS (Mix1 and Mix2) is correlated with synoptic temperature fields. Alexander et al. [2011] studied the influence of planetary waves and orographic gravity waves on the formation of ice and a mixture of high number density NAT and STS PSCs. They concluded that a large gravity wave activity is present above the Antarctic Peninsula and to a lesser extent above the Transantarctic mountains. This gravity wave activity is responsible for 50% of the ice and Mix2 PSCs between 60
• S and 70 (see, e.g., Hertzog et al. [2001] , who report a gravity wave spectrum for the vertical wave number, showing that most gravity waves have a wavelength above 150 m).
The errors on the reported frequencies of the different classes are due to several factors. First, any choice of the criteria defined to separate the different classes is arbitrary as PSCs often consist of smoothly varying mixtures of different types of particles. Also, the uncertainties in the determination of the optical parameters, total backscatter ratio and aerosol depolarization, contribute to the uncertainty in the assignment to the different classes. The discrimination between Mix1, Mix2, Mix2-enhanced, and ice is mainly based on the value of the total backscatter ratio, and a small error in this optical parameter will merely shift the populations of the different classes to the neighbor classes. On the other hand the experimental error in the determination of the volume depolarization will affect the aerosol depolarization, in particular for small values of the total backscatter ratio. For total backscatter ratios below 1.25, the error in the aerosol depolarization will not have any consequence on the classification, because it causes a migration within the Mix1 population. For total backscatter ratios above 1.25, the error in the aerosol depolarization will mainly affect the STS classification. In conclusion, the errors in the total backscatter ratio and depolarization ratio will have little impact on ice, Mix2, and Mix2-enhanced, while they might have a major effect on STS and Mix1 (note that an error in aerosol depolarization will shift populations between STS and Mix1).
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While the presence of STS, Mix2-enhanced, and ice PSCs is very similar for the two observing periods, the distribution between Mix1 and Mix2 is much different for the two data sets. In the first period (1995) (1996) (1997) (1998) (1999) (2000) (2001) Mix1 is dominating, while for the 2006-2010 data set the Mix2 contribution is remarkably larger. However, when we look at Figure 2 , it becomes evident that 2010 has an anomalous amount of Mix2 observations. Indeed, when we limit our statistics to 2006-2009 (see Figure 5 , bottom), the presence of Mix2 is much reduced and the statistics are similar to the 1995-2001 period. When we look at the LSV/SSV statistical distributions, we observe that for the thick PSCs the Mix1 class is dominant throughout the winter, for both data sets, accounting for 60-75% of the observations, peaking in the middle of winter. STS accounts for 10 to 20% and is almost constant throughout the season. Mix2-enhanced and ice rarely appear.
The thin cloud observations are dominated by STS, Mix2, and Mix2-enhanced classes throughout the season in both data sets, accounting for more than 75% of observations. Mix1 is considerably rarer here than in the thick cloud data set and appears only at the beginning and at the end of the season. We also note a continuous presence (5% to 25%) of ice PSCs during the whole season, far more frequent than in the thicker clouds.
The two data sets for the periods 1995-2001 and 2006-2009 are similar for both absolute frequency and seasonal evolution.
To further explore the different behavior of thin and thick clouds with respect to the local temperature, we consider the difference of the temperature of the PSC observations, with respect to the coldest temperature on the full vertical profile. The coldest temperature has been determined by taking the minimum value of the vertical temperature profile associated with the lidar observation, interpolated on the 150 m grid. Alternatively, we also consider the difference between the local temperature and T NAT . Figure 6 displays the distribution of all data points, divided in LSV (thick clouds) and SSV (thin clouds) PSCs for 1995-2001 and 2006-2010 . The T − T min distributions are displayed as dotted lines and have been offset with respect to zero fraction.
All T − T min distributions have a pronounced maximum at the coldest temperature, with a stronger peaked SSV distribution with respect to the LSV. Our hypothesis is that a significant part of the SSV clouds forms due to local temperature conditions, while the LSV PSCs formation processes are less correlated with local temperature, as the broader distribution shows.
The T − T NAT distributions are similar for both periods, with the SSV distributions shifted to lower temperatures. This indicates that PSCs classified as SSV are observed at colder temperatures than the LSV clouds, which ones more indicates the role of mesoscale perturbations. PSCs have been observed in about 75% of all observations made in June, while in July and August practically all observations contain PSC layers. The frequency of PSC detection is decreasing in the second part of August and September. The observational coverage (about 90 daily profiles per season) combined with the long-term activity [Adriani et al., 2004; Maturilli et al., 2005] allows to study seasonal trends and variations on a decadal time scale. The 2006-2010 PSC measurements have been analyzed to quantify the mean intraseasonal altitude distribution confirming the commonly observed descent from 24 to 10 km height throughout the winter. A statistical analysis of PSC appearance has been done using a classification of cloud types based on lidar optical parameters by adopting the method described in Pitts et al. [2009 Pitts et al. [ , 2011 for CALIPSO observations. The measurements have been further classified as thin and thick clouds, according to their geometrical thickness, following the procedure described in Adriani et al. [2004] .
Conclusions
The McMurdo data set shows a dominant presence of mixed-type PSCs that are mainly composed of NAT particles. These mixed type PSCs have a limited intraseasonal variability and are more frequently observed in LSV than in SSV clouds (respectively about 75% and 50%). It should be noted that Mix2 PSCs are more often observed in SSV PSCs. Ice and Mix2-enhanced PSCs are occasionally observed in thick layers (<5%) while their presence is more pronounced in thinner layers (around 15%). STS clouds are observed both as SSV and LSV PSCs and show no clear seasonal pattern.
These statistics are similar for the two data sets, 2006-2010, and the reanalyzed 1995-2001 data and are in agreement with the conclusions reported by Adriani et al. [2004] , confirming that thick and thin clouds are composed of significantly different types of particles. The frequency of appearance for each type is also coherent with the above mentioned qualitative findings.
The overall picture suggests that in McMurdo, NAT PSCs are always present and homogeneously distributed over wide vertical layers in contrast with the narrow layers associated with ice clouds, whose appearance is likely more dependent on local conditions.
The classification presented here suggests two further important studies. The first is to quantify and attribute differences between satellite and ground-based observations. The question to which extent the McMurdo site may be representative of the average Antarctic PSC coverage will be the subject of a forthcoming paper. Second, a comparison will be made between this and other long-term PSC databases and the Chemistry Climate Model Validation simulations using the statistical criteria presented here.
